The outer membrane fraction from Rhodopseudomonas sphaeroides was isolated by isopycnic density centrifugation. The purity of this fraction was assayed by several methods. When the outer membrane fraction obtained after French press lysis of cells was compared with the outer membrane fragments released during spheroplast formation, the polypeptide profiles were identical. Detergent solubilization of membrane fractions showed that Triton X-100 nonselectively solubilizes both the cytoplasmic membrane and the outer membrane, whereas Deriphat 160 selectively solubilizes the cytoplasmic membrane. Several outer membrane polypeptides, including the major outer membrane protein, exhibited changes in electrophoretic mobility that depended upon the temperature of solubilization in sodium dodecyl sulfate. Solubilization at room temperature in the presence of ions reproduced the effect of thermal denaturation on the major outer membrane polypeptide.
Gram-negative bacteria have a cytoplasmic membrane, a peptidoglycan layer, and an outer membrane surrounding the cytoplasm. The outer membrane contains fewer proteins than does the cytoplasmic membrane, and this simplicity makes it an excellent model system for membrane research (9, 27) . Although the outer membrane of Escherichia coli has been well studied and maniy observations about it are applicable to the membranes of other organisms, it is becoming clear that the outer membranes of free-living organisms may be more complex than the outer membranes of enterics. For example, the Caulobacter crescentus outer membrane has a major membrane protein but also has a preponderance of high-molecular-weight polypeptides (1) . The Pseudomonas aeruginosa outer membrane also has a greater variety of proteins, but only a few minor proteins are above a molecular weight of 50,000 (12, 14) .
The outer membranes of photosynthetic bacteria have received less attention. The outer membrane of Chromatium vinosum, a purple sulfur photosynthetic bacterium, has been isolated, and the 42,000-molecular-weight major protein has been chemically characterized (15, 16) , but with few exceptions (3, 8) , studies of Rhodopseudomonas sphaeroides membranes have concentrated primarily on chromatophore composition or lipopolysaccharide structure. Since the nonenterics face a diversity of environments, a thorough comparison with enterics may elucidate novel mechanisms for satisfying basic metabolic requirements, as well as for excluding deleterious substances. In this report, we describe the isolation of R. sphaeroides NCIB 8253 inner and outer membrane fractions, the differential effects of detergent solubilization, and the identification of several ion-and heat-modifiable proteins, including a major outer membrane protein with very atypical behavior on sodium dodecyl sulfate (SDS) gels.
Wild-type R. sphaeroides NCIB 8253 was obtained from J. Lascelles. It was grown in lactate-glutamate medium (18) prepared in water which had been batch treated with Chelex 100 (Bio-Rad Laboratories) to remove iron. Ferric citrate was omitted. Cells were grown chemoheterotrophically at 34°C in the dark (unless otherwise indicated) with high aeration, harvested by centrifugation, and washed in 0.1 M potassium phosphate buffer (pH 7.8) at 4°C. The cells were disrupted by two passages through a French pressure cell (American Instrument Co., Inc.) at NOTES 957 bration. The gradient was unloaded from the bottom of the tube with a peristaltic pump, or fractions were removed from the top with a Pasteur pipette. The membranes of appropriate fractions were diluted in phosphate buffer and pelleted at 190,000 x g for 1 h to remove sucrose. To determine the effect of the isolation method on the polypeptide composition of the outer membrane fraction, spheroplasts were prepared from cells harvested and washed in 0.1 M Tris-hydrochloride (pH 7.8) and resuspended in sequentially added 23.5 ml of 40% (wt/vol) sucrose, 3 ml of 0.1 M Tris-hydrochloride (pH 7.8), 2 ml of 1% (wt/vol) EDTA, 1.5 ml of 1% (wt/vol) lysozyme, and 0.3 ml of 0.1% DNase and RNase. The mixture was incubated at 37°C for 1 h with gentle shaking. The released membrane was separated from spheroplasts by centrifugation at 20,000 x g for 10 min at 4°C. The supernatant fluid was centrifuged at 260,000 x g for 1 h. The pellet was resuspended, placed on step gradients consisting of 1.2 ml of 60%, 1.5 ml of 40%, 1.2 ml of 30%, and 0.4 ml of 20% (wt/vol) sucrose, and centrifuged for 5 h at 150,000 x g at 4°C. Procedures were adapted from published methods (19, 21) . Membranes derived from cells broken by the French pressure cell method were prepared from the same batch of cells as described above. Protein and Llactate dehydrogenase were assayed as described previously (10, 18) . Membrane proteins (40 ,ug of each fraction) were analyzed by SDSpolyacrylamide slab gel electorphoresis, employing the system of Lugtenberg et al. (17) as modified by Hancock et al. (13) . Gels were stained with Coomassie brilliant blue. Membranes used for phospholipid analysis were isolated in buffer containing Tris-hydrochloride, pH 7.8, instead of potassium phosphate. Membrane samples (2 to 4 mg of protein) were extracted by the Folch procedure (28) . Extracts were dried under N2 and ashed by the method of Bartlett (2) . Lipid phosphorus was determined by the method of Chen et al. (6) .
Detergent solubilization studies involved treating membranes (final concentration, 1.5 mg of protein per ml) with 2.5% (vol/vol) Triton X-100 or 2.5% (wtlvol) Deriphat 160 at room temperature for 1 h. The samples were diluted to 0.3 mg/ml in 10 mM HEPES (N-2-hydroxyethylpiperazine-N'-2-ethanesulfonic acid; pH 7.5)-5 mM EDTA-5 mM 2-mercaptoethanol and then centrifuged at 260,000 x g for 1 h. The resulting pellet was designated the detergent-insoluble fraction.
For peptidoglycan analysis, membrane samples were brought to 3.3% SDS-8 mM EDTA and heated at 100°C for 10 min. Samples were centrifuged at 144,000 x g for 1 h to sediment the peptidoglycan, and the pellet was washed four times in 1 mM NaCl. The samples were hydrolyzed in 4 M HCl at 105°C for 15 h in evacuated sealed tubes. Hydrolysates were assayed as described previously (5) .
For electron microscopy, membrane samples were allowed to adsorb to carbon-coated Parlodion-covered grids for 30 s, washed with distilled water, and stained with 1% (wt/vol) uranyl acetate. The grids were examined in a JEOL 100B electron microscope (80 kV) equipped with a liquid nitrogen cold finger.
The inner and outer membrane fractions of R. sphaeroides (4) can usually be separated by isopycnic sucrose density gradients (8, 26) , although use has been made of the differences in the size of the vesicles produced from each type of membrane after cell breakage (24) . In this study, the isopycnic density gradient centrifugation method used by Ding and Kaplan (8) was modified to enhance the separation of the two high-density membrane fractions found in organisms of this strain (see above). The membranes banded in three density zones, which is a general feature of gram-negative organisms (26) . The highest membrane enzymatic activities were associated with the cytoplasmic membrane. The activity of the membrane-bound enzyme L-lactate dehydrogenase was 0.400 U/mg of protein in the fraction banding at a density of 1.14 g/cm3.
When cells were grown photoheterotrophically, bacteriochlorophyll and carotenoids were also found in this fraction. The highest density membrane fraction, banding at 1.21 g/cm3, had an Llactate dehydrogenase activity of 0.002 U/mg of protein. The two banding densities observed were typical of cytoplasmic and outer membrane fractions derived from other nonsulfur purple bacteria (25) Because the nature of the isolation procedure has been found to affect the purity of the outer membrane fraction (7, 14, 26) , outer membrane fragments released during spheroplast formation were compared with outer membrane preparations derived from cells broken by the French pressure cell method. The protein profiles were essentially the same (Fig. 1A) , indicating that the method of isolation of the outer membrane does not influence the purity of the preparation to any significant extent. Although R. sphaeroides has a larger number of proteins in its outer membrane than does, for example, E. coli, these proteins are reproducibly associated with the outer membrane.
Treatment with Triton X-100, a nonionic detergent, was tested as an alternative method of purification of the outer membrane, since it has been shown to solubilize exclusively the cytoplasmic membrane of E. coli (29) . In R. sphaeroides, the detergent was nonselective (Fig. 1B) . Cytoplasmic membrane protein components were solubilized completely, and the majority of the outer membrane components were solubilized as well (including a significant portion of the 55,000-molecular-weight major outer membrane protein). Treatment with Deriphat 160, an anionic detergent, appeared to be more suitable as a purification tool since not only the inner membrane fraction but also inner membrane contaminants of the outer membrane fraction were solubilized, whereas the major outer membrane polypeptide and higher-molecular-weight proteins of the outer membrane were left in the detergent-insoluble pellet.
The temperature of sample solubilization before SDS-polyacrylamide gel electrophoresis had a dramatic effect on the mobility of outer membrane polypeptides. Moderate-temperature solubilization, 37°C for 30 min or 60°C for 15 min, produced the pattern shown in Fig. 2A,   lanes 1, 2, 5, 6 , and 7. Note the absence of a defined band for the major outer membrane protein in these lanes. Treatment at 100°C for as little as 30 s (Fig. 2A, lanes 3 and 8) or for as long as 3 min (lanes 4 and 9) caused the major outer membrane polypeptide to migrate as a discrete 55,000-molecular-weight band. With either treatment, essentially no difference was noted between the outer membrane protein profiles of chemoheterotrophically grown and photoheterotrophically grown cells. Because of the complexity of the gel patterns, a two-dimensional gel system (11) was used to analyze the transformations effected by thermal denaturation (Fig. 3) . Five discrete spots were observed off the diagonal, indicating heat modifiability. One polypeptide, designated a, increased in apparent molecular weight (55,000 to 75,000), and four others (b through e) decreased after solubilization at 100°C for 5 min (b from 60,000 to 55,000, c from 75,000 to 55,000, d from 75,000 to 41,000, and e from 61,000 to 28,000). In addition to the discrete spots labeled b and c, a thin indiscrete band of protein observed in the first dimension between the 60,000-and 82,000-molecularweight zones moved to the major outer membrane protein zone (54,000 to 57,500 molecular weight) in the second dimension. The total protein in spots b and c plus the protein contained in the indiscrete band would account for the amount of protein observed as the major outer membrane polypeptide after solubilization at 100°C (Fig. 1) . A sample boiled before electrophoresis in both dimensions showed no polypep- tides banding off the diagonal (data not shown).
The composition of the sample buffer in which the outer membrane was solubilized before electrophoresis also affected the mobility of the major outer membrane protein (Fig. 2B) . The patterns produced when EDTA or Fe3+ was included approached the modifications achieved by thermal denaturation. As the concentration of either of these ions was increased, the major outer membrane protein migrated increasingly as a discrete band. Although the sample containing 10 mM FeCl3 (Fig. 2B, lane 5) exhibited the most modification, it was not as great as that of the sample which had been boiled (Fig. 2B, lane  8) .
The mobility of membrane polypeptides on SDS gels is the result of a complex combination offactors, including comigration of noncovalently linked subunits of a protein, the degree of unfolding, and the amount of SDS bound to the protein (12, 29) . The detergent factor may be influenced by the secondary structure of the protein (9, 20, 23) . The large amount of ,B conformation in native outer membrane proteins called porins has been found to decrease in the presence of heat and SDS (14, 22, 23) . The anomalous amount of SDS bound, along with the conformational changes, results in unpredictable mobility during SDS-polyacrylamide gel electrophoresis. An example of this behavior is the 109,000-dalton OmpF protein trimer which moves with an apparent molecular weight of 80,000 (22) . The constitution of the gel system also has a dramatic effect on the mobility of this type of protein. In fact, the undissociated trimer of OmpC has a greater mobility than that of the monomer on certain gels (31) . The apparent molecular weight decreases in other proteins that have been studied have been attributed to the dissociation of dimers or trimers to the monomer form (22) . In this case, the polypeptides form different, but distinct, bands after high-and low-temperature solubilization, leading to the conclusion that denaturation is an allor-none phenomenon.
The data in our study suggest that the heterogeneity of SDS interactions with the major outer membrane protein leads to the diffuse band of protein seen with moderate-temperature treatment. The ion effect we observed indicates that ion-protein interactions perturb the native conformation of the major outer membrane protein. These perturbations lead to an increase or decrease in detergent association without the aid of thermal denaturation.
The anomalous behavior of porins on SDS gels demonstrates that it is an oversimplification to assign subunit interactions based on electrophoretic behavior under denaturing and nondenaturing conditions. Although our data on the outer membrane protein profiles of R. sphaeroides NCIB 8253 do not define quaternary interactions, the complex behavior of the major outer membrane protein suggests that major conformational changes occur during protein solubilization. Similar data from R. sphaeroides 2.4 Lane 1, Sample treated and run as in the first dimension of (A). Lane 2, Sample treated and run as in the second dimension of (A).
vestigators did not address the nature of the broad band of major outer membrane protein that appeared after low-temperature solubilization (3). We believe that this complex behavior needs to be understood before structural assignments can be made. We have noted several differences between R. sphaeroides 8253 and 2.4.1. The major outer membrane protein of strain 8253 has a higher molecular weight and fewer heat-modifiable proteins. The significance of these differences poses interesting problems for future membrane research. Studies by L. S. Zalman and H. Nikaido (L. S. Zalman, Ph.D. dissertation, University of California, Berkeley, 1982 ; manuscript in preparation) show that an isolated major membrane protein fraction from R. sphaeroides does indeed function as a porin in liposomes. Our own studies focus on outer membrane proteins that are regulated by growth conditions.
